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A study of the effect of the turbulent wake of a 
water drop on the motion of a smaller droplet is essential 
in order to gain an understanding of the behavior associa-
ted with the collision coalescence phenomena. The use of 
spheres of macroscopic size proves to be a valuable method 
in observing these effects. 
This experimental investigation centers on (1) a 
check on the validity of the instrumented sphere as a de-
vice to measure normal static pressure, and (2) the study 
of the effect of the turbulent wake of the test model 
sphere upon the instrumented sphere. 
Measurements were made in a subsonic wind tunnel with 
a test section of 20 x 20 inch cross section and 42 inches 
length. Mean velocity profiles indicate that the boundary 
layer is thin and turbulence measurements show the tunnel 
to have low turbulence. 
The experimental method is proven valid by measuring 
the pressure distribution on the sphere surface with the 
sphere in the free stream and comparing the results to 
those of other experimentalists and to a viscous analyti-
cal solution. Normal pressure is then measured using the 
instrumented spl1ere in the near wake of the test model at 
various locations. The resultant forces are calculated 
using graphical type integration. 
iii 
The results show the axial (Z direction) component 
of force to range from a lower value at the wake center-
line to a value equal to that of the free stream drag as 
the sphere is traversed out of the wake. This gradient 
tends to become smaller the further downstream the mea-
surements are taken. The trends of the axial (Z direction) 
component of force are similar to those of the mean 
velocity profile in the wake of the test model. The 
transverse force components (X and Y directions) are 
zero on the centerline and increase to a maximum just to 
one side of the centerline and then diminish as the wake 
boundary is crossed. As with the axial (Z direction) 
component, the transverse components (X and Y directions ) 
are less amplified the further downstream the measurements 
are taken. 
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I. INTRODUCTION 
Knowledge of water droplet dynamics is essential in 
meteorological applications. This type of behavior can 
be observed readily within clouds, but the causes of this 
behavior are difficult to study. The small size of the 
droplets and the complexity of their nature require a 
different means to study the causes. Consequently, study-
ing the dynamics of a small solid sphere has been shown 
to provide the necessary information for studying the 
dynamics associated with cloud droplets. 
There are two main phases of droplet growth within 
clouds. The first phase is due primarily to diffusion. 
Above 19 microns radius the droplet can no longer grow 
by diffusion and the primary process by which the droplet 
grows is collision coalescence - the actual colliding 
of two or more droplets and the forming of one large 
droplet. 
1 
Droplets can collideby hitting head-on or by collision 
from the rear, the latter being caused by a drop in pres-
sure in the wake of the larger droplet. This latter 
process of collision seems to be the most important since 
there is a greater probability of collision. This droplet 
collision coalescence has been shown to be directly affected 
*1 by the growth of the turbulent wake. 
*Superscript numbers denote references listed in the 
Bibliography. 
For this reason it seems appropriate to study how 
a sphere is affected when influenced by the turbulent wake 
of another sphere. Measurement of the pressure distribu-
tion around the sphere in the wake provides data, which, 
when integrated over the surface, gives the total drag 
or attractive force between the two spheres. This would 
prove to be invaluable to the meteorologist when studying 
droplet growth by collision. 
Pressure measurements on the surface of a sphere 
in free stream air flow have been made in the past. Fage 2 
measured the pressure on the surface of a 6-inch diameter 
sphere and compared his subcritical and supercritical 
non-dimensional pressure coefficient with the non-viscous 
analytical solution. Flaschbart 3 measured the pressure 
distribution on the surface of a sphere and graphically 
integrated this to obtain a resultant force. He then 
made tests using a force balance and compared the results. 
These men provided a means of verifying the instru-
mentation and method used 1n this research. To the best 
knowledge of this author, no experimental work has been 
published 1n determining the pressure distribution on the 
surface of a sphere in the turbulent wake of another 
sphere. 
The effect of one falling sphere on the other has 
been researched qualitatively by Sartor4 and by Schotland 
and Kaplin. 5 Sartor's experiment consisted of the study 
2 
of water droplets, a few millimeters in diameter, falling 
through mineral oil. He observed collisions but no 
coalescence due to the oil-water interface. Schotland 
and Kaplin observed a pair of steel balls falling through 
a concentrated sugar solution. 
tative results were obtained. 
But, again, only quali-
Investigation of the pressure distribution around a 
sphere while traversing through the turbulent wake of a 
slightly larger sphere would provide a means of under-
standing the dynamics of water droplets. This, in turn, 
would create a greater insight into droplet growth from a 
very small size to the size of precipitation drops, a 
process which is extremely important in meteorological 
applications. 
3 
II. EXPERIMENTAL EQUIPMENT 
The experimental equipment consists of the subsonic 
wind tunnel, a spherical test model, an instrumented 
sphere, a multi-tube manometer bank, a cathotometer, and 
a hot-wire anemometer. The experimental set up is 
shown in Figure 1. 
A. Subsonic Wind Tunnel 
The subsonic wind tunnel is located in the open lab 
area of the Mechanical Engineering Building. Air is 
pulled through the inlet, test section, and diffuser by a 
20 horsepower centrifugal fan. The air is then exhausted 
to the atmosphere through an exhaust duct with a variable 
size orifice at the exit. The orifice of smallest exit 
area was used to obtain a test section velocity of 
approximately 32 feet per second. This resulted in a 
Reynolds number of 16,500, far below the critical range 
that Page described. This was computed from 
R 
e 
where R is 
e 
the resultant Reynolds number, V00 is the free 
stream velocity, di is the diameter of the instrumented 
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Figure 1. Experimental Set up for Sphere Surface Pressure Measurement 
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The test section 1s 42 inches long with a 20 x 20 
inch cross section. The top and bottom of the test sec-
tion are made of 3/4 inch plywood, while the sides are 
removable pieces of plexiglass for observation purposes. 
Measurements made by Sreemanth 6 show the test section 
to have a uniform velocity and a turbulence level of 
1.04%. These calibration curves can be found in 
Appendix C. 
The diffusing section follows the test section and 
provides the transition from the square cross section of 
the test section to the circular fan inlet. A honeycomb 
screen is attached at the downstream end of the diffuser 
to reduce the swirl introduced by the centrifugal fan. 
The power is supplied by a motor generator set which 
was always kept at a constant amperage of 12.5 amps and 
a constant voltage of 230 volts. Any change in this set-
ting was observed to cause significant fluctuation in the 
test section velocity. 
B. Spherical Test Model 
Experiments with actual falling water droplets have 
been shown to be quite difficult. First of all, the drop-
lets are of such small size. They are, in fact, too small 
to obtain any meaningful results. Secondly, the terminal 
velocity of a water drop is so high, it is difficult to 
accurately observe the phenomena taking place. 
For these reasons, solid spheres of macroscopic size 
6 
have been used to get qualitative results of droplet 
phenomena. This method has been shown to provide ade-
quate information in studying droplet wakes and their 
effect upon collisions. 
A 1.25 inch diameter, smooth surface, plexiglass 
sphere was used to produce the wake to be studied. This 
sphere was supported on a stainless steel rod bent at an 
angle of 90 degrees and fastened through the top of the 
test section by the use of a set screw apparatus. The rod 
was supported from the four corners of the test section 
inlet by wire, 0.016 inches in diameter. A close-up 
picture of the test model and instrumented sphere is 
shown in Figure 2. 
With the support rod on the stagnation side of the 
sphere, the wake region was relatively free from notice-
able disturbances, and measurements could easily be taken. 
No vibration was present using this set up and inter-
ference was minimized by using the small gauge support 
wire. 
C. Instrumented Sphere 
The instrumented sphere is designed to measure static 
pressure normal to the surface. The sphere is made of 
two aluminum hemispherical shells, one inch in diameter, 
which are threaded to form a tight fit. The sphere has 
a polished surface. Ten holes were drilled in one 





Figure 2. Test Section with Test Model and Instrumented Sphere 
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into each hole. A diagram of the taps and the angles 
associated with them is shown in Figure 3. Plastic pres-
sure tubing of 1/16 inch diameter was then fitted onto 
each tap. The sphere, shown in Figure 4, was then threaded 
onto a hollow brass rod 12 inches long, and the plastic 
tubing run through the rod. A flange type fitting was 
brazed onto the end of the hollow rod and this connected 
to a 90 degree elbow fixture. Thirty degree marks were 
etched on the nut of the elbow fixture by the use of a 
dividing head on a milling machine, and a reference mark 
was etched on the brass rod. This enabled an accurate 
setting of the angle of rotation, ~- A hollow steel 
support rod was threaded to the elbow fixture and the 
plastic tubing was run through the support rod out of the 
top of the test section. A section view of the sphere is 
shown in Figure 5. 
The entire apparatus was supported rigidly by a 
clamp and stand. Vibration was reduced to a minimum by 
first placing a pad under the stand and secondly by 
placing the support rod in an over sized hole, being 
careful not to touch the top of the vibrating test section. 
The interference of the hollow brass rod or spindle is 
small: "The size of the spindle has little effect below 
the critical range [of Reynolds number] ." 3 
D. Multi-tube Manometer Bank 
The manometer bank, shown in Figure 1, is filled with 
10 
















water and has the capability of reading 36 pressures at 
the same time. The reservoir is easily adjusted to any 
height. The manometer has an air bubble leveling system 
with screw adjustments on the legs. A protractor type 
scale is used in inclining the device to obtain more 
significant readings. Accuracy is increased by the in-
clination as readings can be accurately read to 0.05 of a 
division, (a division being one inch of water at 0 degrees 
inclination). This gives a total accuracy of 0.02 inch 
of water at an inclination of 70 degrees with the verti-
cal. The plastic tubes from the instrumented sphere are 
connected to the top of the manometer bank through a 
series of reducers and plastic hose. 
E. Cathotometer 
The cathotometer 1s used primarily to obtain a very 
accurate reading of the height of the instrumented sphere 
in relation to the test model. This device has air 
bubbling leveling systems on the legs and also on the 
telescope. The cathotometer can be seen in Figure 1. 
The telescope is focused on the test model center 
line by the use of a cross hair in the lens of the 
telescope. This reference point can then be marked and 
a scale tells the experimenter precisely the position 
of the instrumented sphere by a simple rotation of the 
telescope. A micrometer device 1s used to pinpoint its 
position to an accuracy of 1/10 of one inch. 
14 
F. Hot-wire Anemometer 
The hot-wire anemometer is used to obtain an accurate 
velocity profile in the wake of the test model. The single 
wire probe is traversed through the wake, and a voltmeter 
gives a digital readout of voltage which is proportional 
to the fourth root of the mean velocity. A detailed 
analysis of the theory, governing equations, description 
and use, and reduction of data for the hot-wire anemo-
meter can be found in the Master's thesis by Pepper. 7 
15 
I I I . RESULTS AND DISCUSSION 
The results of this research are presented in two 
parts. First, proof of the validity of the experimental 
method is presented, and second, this method is applied to 
determine the pressure distribution on the surface of a 
small droplet in the turbulent wake of a larger drop. 
A. Validity of the Experimental Method 
The instrumented sphere was placed in the subsonic 
wind tunnel with a test section velocity of about 32 feet 
per second. Static pressure was recorded at all ten 
locations for ~ = 0 degrees. Check points were taken at 
various values of ~ to insure a symmetrical pressure 
distribution. 
The classical means of presenting pressure on a 
surface is with the use of the pressure coefficient, C p 
c p = 





where P is the measured pressure on the sphere surface, 
P and V are the pressure and velocity of the free 
00 00 
stream, respectively, and p is the air density in the 
stagnation state at the tunnel inlet. The free stream 
velocity and pressure were obtained using a standard 
pitot tube in the test section free stream, away from the 
16 
effect of ~he sphere. 
The results, shown in Figure 6, indicate good corre-
lation with non-viscous theory until about 65 degrees, 
at which point separation begins to occur and the pressure 
coefficient drops sharply. These results compare favor-
ably with those obtained experimentally by Fage 2 and 
Flaschbart 3 as shown also in Figure 6. 
Figure 7 shows the correlation of the same results 
with that of the viscous analytical approach by Rimon and 
Cheng. 8 Comparison is better than with the non-viscous 
approach since the viscous analytical solution accounts 
for separation of the flow from the sphere surface. 
It should be noted that the Reynolds number obtained 
in this research is an order of magnitude less than that 
of Fage and Flaschbart and an order of magnitude higher 
than that used by Rimon and Cheng. This is not, however, 
a critical factor here since in the region of Re = 10 3 
to R = 4 x 10 5 the drag coefficient is relatively con-
e 
stant; that is, the Reynolds numbers are all subcritical. 
The pressure coefficient is constant in this region, alsop 
and therefore, the results should be independent of the 
9 Reynolds number. 
Because of the good comparisons with both the theory 
of Rimon and Cheng and with the experimental work of Fage 
and Flaschbart, the method of experimentation here is 
considered to be a valid means of obtaining the pressure 
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Figure 6. Free Stream Pressure Distribution on the Sphere Surface, 
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Figure 7. Free Stream Pressure Distribution on the Sphere Surface, 
Comparison with Viscous Theory 
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distribution on the surface of a sphere. 
B. Results 1n the Turbulent Wake 
1. Pressure Distribution 
The pressure distribution on the surface of a sphere 
was measured using the instrumented sphere in the wake of 
the test model. Measurements were taken at various 
points in each Z plane at Z/D = -1.5, Z/D = -6.4~ and 
Z/D = -10.7, where Z/D is the distance referred to in 
Figure 8 and D is the diameter of the test model. Holes 
were drilled in the top of the test section at one inch 
intervals from the centerline in the Y direction. Data 
was then taken at intervals below the centerline of the 
wake in each hole until no change was recorded from 
19 
point to point. This constant value of pressure indicates 
that the wake boundary has been crossed and the instru-
mented sphere is in the free stream. A check point was 
taken in another quadrant at X/D = +0.8 and Y/D = 0, 
labeled CPl, to check for an axisymmetric wake with the 
position X/D = -0.8 and Y/D = 0. Also, points at X/D = 
-1.13, Y/D = 0, CP2, and X/D = -2.26, Y/D = 0, CP3, were 
checked with those points at the same radial distance from 
the center but behind the small gauge support wire at 
X/D = -0.8 and Y/D = -0.8, X/D = -1.6 and Y/D = -1.6, 
respectively. This was done to check for interference 
effects. As shown in Table 1, the X, Y, and Z components 





Figure 8. Coordinate System used in Locating Spheres 
N 
0 
X/D Y/D X-COl\1P Y-COl\1P Z-C0l\1P X-Y RESULTAIVI' 
(X 10- 4) (X 10- 4) (X 10- 4) (X 10 - 4) 
0 0 1. 84 0.0 -.94 1. 84 
-0.8 0 7.15 0.0 -11.90 7.15 
-1.6 0 3.53 0.0 -13.43 3.53 
0 -0.8 0.02 7.13 -9.60 7.13 
-0.8 -0.8 1.97 3.34 -9.52 3.88 
-1.6 -0.8 -0.02 0.0 -11.70 0.0 
0 -1.6 0.0 0.0 -11.70 0.0 
-0.8 -1.6 0.0 0.0 -11.70 0.0 
-1.6 -1.6 0.0 0.0 -11.70 0.0 
CPl +0.8 0 -4.70 0.0 -9.67 4.70 
CP2 -1.13 0 1.30 0.0 -9.85 1. 30 
CP3 -2.26 0 0.0 0.0 -11.70 0.0 

















X/D Y/D X-CO.MP Y-COMP Z-COMP 
(X 10 - 4) (X 10- 4) (X l0- 4) 
0 0 0.464 0.058 -9.11 
-.8 0 1. 83 0.163 -9.72 
-1.6 0 1. 86 -0.041 -10.31 
-2.4 0 1. 20 0.270 -9.92 
0 -.8 0.145 2.53 -10.75 
-.8 -.8 0. 219 2.44 -9.78 
-1.6 -.8 0.382 2.07 -12.07 
-2.4 -.8 0.382 2.07 -12.07 
0 -1.6 -0.02 0.005 -14.02 
-.8 -1.6 0.23 0.005 -14.24 
-1.6 -1.6 0. 39 0.005 -14.48 
-2.4 -1.6 0. 39 0.005 -14.48 
Table 2. Results of Force Computations for Z/D= -6.4 
X-Y RESULTANT 





























X/D Y/D X-COMP Y-COiv1P Z-COMP X-Y RESULTA.t\ff 
(X 10- 4) (X 10 - 4) (X 10- 4) (X 10 - 4) 
0 0 0.102 0.005 -12.21 0.102 
-.8 0 0.179 0.005 -12.21 0.179 
-1.6 0 0.280 0.005 -12.89 0.280 
-2.4 0 0. 398 0.005 -12.99 o. 398 
0 -.8 -0.115 0.527 -12.61 0.539 
-.8 -.8 0.055 0.310 -12.67 0.315 
-1.6 -.8 0.055 0.310 -12.67 0.315 
0 -1.6 0.257 0.705 -12.29 0.750 
-. 8 -1.6 0.257 0. 705 -12.29 0.750 
-1.6 -1.6 -0.022 0.006 -12.20 0.0 
ALL -2.4 0.0 0.0 -12.99 0.0 
Free Stream 0.0 0.0 -12.99 0.0 


















measurements taken at the corresponding points. They are 
as close, ln fact, as those measurements taken repeatedly 
at the same location, indicating that there is very little 
interference from the support wires and that the assump-
tion of an axisymmetric wake is a good one. 
Pressure readings were not taken at e of 90 degrees 
because of the threaded seam in the sphere, nor at e of 
165 and 180 degrees because of the brass rod support. The 
readings had to be taken into account, however, in order 
to integrate successfully over the entire surface area. 
These absent pressure readings were found by first noting 
the general trends of the pressure in the free stream done 
in Section A. The pressure at these points was then 
interpolated using the pressures adjacent to these points 
and allowing them to follow the same trends as did the 
pressure in the free stream. 
2. Computation of Resultant Force 
With the pressure distribution at each point deter-
mined, the resultant force can be calculated by a multi-
plication of pressure and area on which the pressure acts. 
The areas were obtained by integrating the surface area 
element in polar coordinates with the radius fixed at 
1/2 inch. The pressure reading at each tap was converted 
to pounds per square inch and then multiplied by the 
corresponding area in square inches. This gave a resul-
tant force at each tap location. The resultant was 
25 
divided into its components and a summation taken over the 
entire surface area of the sphere. The IBM 360/50 was 
used in making these computations and the program used 1s 
included as Appendix A. The program does not evaluate the 
force at e of 0 degrees or 8 of 180 degrees and these must 
be done by hand. The process is simplified~ however~ since 
the force at each of these points is only in the Z direc-
tion and can be simply added to the Z component of the 
computer readout. 
Figures 9 through 18 show the results of these com-
putations as each component of force is plotted versus the 
X/D distance from the center of the wake. The results 
show the drag force directly on the centerline of the wake 
to be much less than that in the free stream and this 
force tending to approach the value of the free stream 
as the sphere moves away from the centerline in a trans-
verse direction out of the wake. The X andY components~ 
however~ tend to increase sharply just to one side of the 
centerline~ reaching a maximum~ and diminishing to zero 
as the sphere approaches the edge of the wake. 
The wake size of the test model can be determined 
from the pressure distribution on the surface of the 
instrumented sphere. This is done by roughly observing 
when the drag force comes close to the drag of the free 
stream and also when the transverse components approach 
zero. The results indicate a wake size of 2.0 inches at 
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Figure 9. Resultant Force and Components Versus X/D Distance 
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Figure 10. Resultant Force and Components Versus X/D Distance 
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Figure 11. Resultant Force and Components Versus X/D Distance 
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Figure 12. Resultant Force and Components Versus X/D Distance 
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Figure 13. Resultant Force and Components Versus X/D Distance 
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Figure 14. Resultant Force and Components Versus X/D Distance 
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Figure 15. Resultant Force and Components Versus X/D Distance 




"\;r- - - - - - - ""~ -- - - - - -








1-- 0 F(y) -





<h- (";} (;) CD 
0 
0 -0.8 -1.6 -2.4 
YJD 
Figure 16. Resultant Force and Components Versus X/D Distance 
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Figure 17. Resultant Force and Components Versus X/D Distance 
from Center of Wake for Z/D::::;_ 10. 7 , Y /D= -1. 6 
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Figure 18. Resultant Force and Components Versus X/D Distance 
from Center of Wake for Z/D= -10.7, Y/D= -2.4 
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at Z/D = -10.7 
The results show some significant deviation as not 
all the axial (Z) components of force obtain the value of 
the free stream drag and in Figure 14 the Z component of 
force is actually about 15% larger than the drag in the 
free stream. This is due mainly to the fluctuation of 
power from the motor generator set, caused by the usage 
of power from other motors in the lab. This affected the 
velocity in the test section by +3% which can be considered 
significant as indicated by the results. 
Figure 19 shows the variation of the Y and Z compon-
ents versus the Z/D distance downstream. This shows that 
there is less of a force gradient from the centerline to 
the free stream in the wake, the further downstream the 
measurements are taken. This is true since the components 
approach the values in the free stream as Z/D increases 
downstream. 
Figure 20 shows diagrams indicating constant lines 
of 
and constant lines of 
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Figure 20. Normalized Attractive Force on the Sphere 
in the Wake of the Test Model 
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where F(Z) is the Z component of force on the sphere 
from the force calculations, F(Z)FS is the Z component 
of force on the sphere in the free stream, and F(r) is 
the resultant of the X and Y components of force. These 
diagrams are presented to provide a better understanding 
of collision efficiency, which is important in the col-
lision-coalescence process. 
These diagrams were drawn using very few data points 
39 
and interpolating between these points to obtain an approxi-
mation of the force on a droplet as it 1s influenced by 
the wake of a larger drop. Inertia forces were not taken 
into account here) which means that the droplet is suddenly 
placed in the wake at various locations with zero velocity 
and the force is calculated. The effect of these inertia 
forces is important, however, and can be studied using 
the vertical wind tunnel as described by Pepper. 7 
3. Velocity Profile in the Wake 
The velocity profile was taken using a hot-wire 
anemometer. The probe was traversed the entire width of 
the wake with measurements taken at every inch. The 
results, shown in Figure 21, show the trends of the 
velocity to be similar to the trends of the axial (Z) 
component of force in Figures 9 through 19. Theoretically, 
this is the case since 
2 
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Figure 21. Mean Velocity in the Wake for Z/D = -3.6 and Z/D = -9.2 
40 
where Dr lS the drag force, Cd is the drag coefficient, V 
is the velocity, p 1s the density, and A1 is the cross-
sectional area of the instrumented sphere. The drag 
force is therefore proportional to the square of the 
velocity and should have the same trends. 
The wake size can also be determined from the veloc-
i ty profile. The wake boundary has been crossed when 
V/Voo approaches 1.0. The results here indicate a wake 
size of 3.9 inches at Z/D = -3.6 and 5.6 inches at Z/D = 
-9.2, which is in good agreement with the sizes indicated 
by the pressure measurements, as shown in Figure 22. 
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Because of the close correlation of the results 1n 
the free stream with those results of Fage and Flaschbart 
and with the analytical viscous model of Rimon and Cheng, 
the instrumented sphere has been shown to be a valid and 
accurate method for obtaining pressure distribution on 
the surface of a sphere. 
The results in the turbulent near wake of the test 
model indicate that a droplet tends to be pulled into the 
43 
center of the wake with a force that diminishes the further 
downstream the droplet enters the wake, if it enters at 
all. Therefore, it seems reasonable to assume that the 
collision coalescence efficiency is greater the closer 
the entering droplet is to the centerline of the wake 
caused by the larger drop. This would indicate the drop-
let has a better chance of collision the quicker it can 
cross the wake boundary as the larger drop falls past. 
The size of the wake indicated by the pressure mea-
surements correlates well with the size indicated by the 
velocity measurements. Using the same diameter test 
h . p I 7 model at approximately t e same veloc1ty, epper s re-
sults show the wake size at Z/D = -3.0 to be equal to 
3.12 inches. The results shown in Figure 21 show the wake 
size at the same location to be 3.2 inches. 
The pressure measurements could have been made to 
vary more from point to point had a larger test model 
been used. With a larger test model smaller increments 
could have been used in taking measurements and there 
would have been a larger pressure gradient across the 
wake boundary thus giving a more accurate pinpointing of 
the size of the wake. In this research, however, the 
limited test section size of the subsonic wind tunnel 
restricts the diameter of the sphere used. Had a larger 
sphere been used here, the wake would have interacted 
with the boundary layer and accurate readings could not 
have been taken. 
A close watch on the power settings helped to keep 
the velocity in the test section fairly constant. The 
results did deviate, however, and this can be overcome 
by a time consuming check of the velocity in the free 
stream and of the pressure distribution on the surface of 
the sphere 1n the free stream. This check should be done 
each time a new set of data is taken and each time the 
tunnel motor is turned on. This will help alleviate the 
deviation of results discussed in Section III. 
To further amplify this experiment, the same mea-
surements could be taken at different velocities to gain 
\ 
an understanding of how the attractive force of cloud 
droplets varies with different terminal velocities. 
The ratio of test model diameter to instrumented 
sphere diameter, D/di, used in this research was 1.25. 
Further experiments could be made over a range of ratios 
44 
45 
to determine its effect on the attractive force. That is, 
will a large drop have a greater effect on a much smaller 
drop or on one which is almost as large as the drop 
itself. 
In taking static pressure measurements in the turbu-
lent wake, it should be pointed out that the mean pressure 
in the static pressure taps is affected by the turbulence 
velocities normal and tangential to the surface. It is 
not known how much it is affected, but the experimenter 
should be aware in future experiments that the static 
pressure measured in the turbulent wake is not the true 
static pressure. This difference between the measured 
pressure and the true pressure is a function of the tur-
bulence intensity at that point. 
These recommendations presented would provide a more 
complete picture of the behavior associated with collision 
coalescence phenomena. 
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Data Reduction Technique - Computer Program 
The IBM 360/50 Digital Computer is used to calculate 
the resultant forces at each pressure tap and the summation 
of the forces over the entire surface area of the sphere 
from the pressure readings recorded by the instrumented 
sphere. The computer program is written as follows: 
C PROGRAM TO COMPUTE SUMMATION OF FORCES 
C DATA FOR HOLE, POSITION, Z/D = 
DIMENSION P(ll,l2),A(ll),THETA(ll),PHI(l2),F(ll,l2), 
lX ( 11 , 12 ) , Y ( 11 , 12) , Z ( 11 , 12) , U ( 11 , 1 2) , V ( 11 , 12 ) , 
1 W ( 11, 12) , B ( 11, 12) , C ( 11, 12) , D ( 11, 12) , P P ( 12) , TT ( 11) , 
1BB(ll,l2),CC(ll,l2),DD(ll,l2) 
DO 10 J=l,l2 
10 READ(l,lOO)(P(I,J),I=l,ll) 
READ ( 1 , 1 0 0 ) (A ( I ) , I = 1 , 11 ) 
READ(l,lOO)(THETA(I),I=l,ll) 
READ(l,lOO)(PHI(J),J=l,l2) 
DO 12 J=l,l2 
12 PHI(J)=PHI(J)* .01745 
DO lli=l,ll 
11 THETA(I)=THETA(I)* .01745 
PREF=4. 
DO 15 J=l,l2 






DO 13 J=l,l2 
13 PP(J)=PHI(J)/.01745 












IF(J. LT. 12)GO TO 41 
GO TO 42 
41 J=J+1 













WRITE ( 3, 2 0 2) 
DO SO I=l,ll 
51 
50 WRITE ( 3 ~ 2 01) I, TT (I) , P (I, J) , A (I) , B (I, J) , C (I, J) , D (I, J) 
201 FORMAT(1X,I2,6F20.6) 
2 0 2 F 0 RMA T ( 1 X ' I I I ' 1 3 X ~ I THETA I ' 1 7 X ' I p I ' 1 7 X ' I ARE A I ' 1 7 X ' 
l 1 XCOMP 1 ,16X, 1 YCOMP 1 ,1SX~ 1 ZCOMP 1 ) 
204 FORMAT(1Hl, 1 PHI=',F10.4) 
206 FORMAT(lHl, ' TOTAL XCOMP=',E20.6, 1 TOTAL YCOMP= 1 , 
1E20.6, 1 TOTAL ZCOMP= 1 ,E20.6) 
IF(J. LT. 12)GO TO 51 
GO TO 52 
51 J=J+l 










(De g) 1 2 
0 4. 75 5.40 
30 4.75 5.45 
60 4. 75 5.40 
90 4. 75 5.45 
120 4.75 5.40 
150 4.75 5.45 
180 4. 75 5.45 
210 4. 75 5.45 
240 4. 75 5.40 
270 4. 75 5.45 
300 4. 75 5.40 
330 4. 75 5.45 
Y/D= 0 Z/D= -1.5 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.40 5.40 5.60 5.65 5.55 5.50 5.45 
5.25 5.20 5.50 5.60 5.50 5.45 5. 30 
5.25 5.25 5.50 5.60 5.55 5.50 5.45 
5.25 5.25 5.50 5.60 5.50 5.45 5.35 
5. 30 5.25 5.50 5.60 5.50 5.45 5.40 
5.35 5.40 5.45 5.50 5.45 5.45 5.30 
5.40 5.40 5.45 5.50 5.50 5.45 5.40 
5.35 5.40 5.45 5.50 5.45 5.45 5.30 
5. 30 5.25 5.50 5.60 5.50 5.45 5.40 
5.25 5.25 5.50 5.60 5.50 5.45 5.35 
5.25 5.25 5.50 5.60 5.55 5.50 5.45 


















(De g) 1 2 
0 4.75 5.15 
30 4. 75 4.95 
60 4.75 4.95 
90 4.75 4.90 
120 4. 75 4.90 
150 4.75 4.90 
180 4.75 4.85 
210 4.75 4.90 
240 4. 75 4.90 
270 4.75 4.90 
300 4.75 4.95 
330 4.75 4.95 
Y/D= 0 Z/D= -1.5 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.75 5.70 5.75 5.80 5.65 5.60 5.50 
5.10 5.40 5.50 5.55 5.60 5.60 5.50 
5.05 5.35 5.50 5.55 5.60 5.60 5.50 
5.00 5. 30 5.40 5.45 5.60 5.60 5.50 
5.00 5.25 5.35 5.40 5.55 5.55 5.45 
5.00 5.25 5.35 5.40 5.50 5.50 5.45 
5.00 5.25 5.35 5.40 5.55 5.55 5.45 
5.00 5.25 5.35 5.40 5.50 5.50 5.45 
5.00 5.25 5.35 5.40 5.55 5.55 5.45 
5.00 5.30 5.40 5.45 5.60 5.60 5.50 
5.05 5.35 5.50 5.55 5.60 5.60 5.50 


















(De g) 1 2 
0 4. 75 4.90 
30 4. 75 4.90 
60 4. 75 4.90 
90 4. 75 4.90 
120 4.75 4.90 
150 4. 75 4.90 
180 4. 75 4.90 
210 4.75 4.90 
240 4.75 4.90 
270 4. 75 4.90 
300 4.75 4.90 
330 4.75 4.90 
Y/D= 0 Z/D= -1.5 
p f= 4.75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.00 5.35 5.45 5.55 5.65 5.60 5.50 
5.05 5.40 5.50 5.60 5.60 5.60 5.50 
5.00 5.35 5.50 5.60 5.60 5.60 5.50 
5.00 5.30 5.40 5.45 5.60 5.60 5.50 
5.00 5.25 5.35 5.40 5.55 5.55 5.45 
5.00 5.30 5.40 5.45 5.55 5.55 5.45 
5.00 5.30 5.40 5.45 5.50 5.55 5.45 
5.00 5.30 5.40 5.45 5.55 5.55 5.45 
5.00 5.25 5.35 5.40 5.55 5.55 5.45 
5.00 5.30 5.40 5.45 5.60 5.60 5.50 
5.00 5.35 5.50 5.60 5.60 5.60 5.50 


















(De g) 1 2 
0 4.80 4.85 
30 4.80 5.20 
60 4.80 5.10 
90 4. 80 5.05 
120 4. 80 5.00 
150 4.80 5.05 
180 4.80 4.90 
210 4.80 4.90 
240 4.80 4.85 
270 4.80 4.90 
300 4. 80 4.90 
330 4. 80 4.90 
Y/D= -0.8 Z/D= -1.5 
p ref= 4. 80 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.00 5.25 5.45 5.50 5.45 5.50 5.40 
5.25 5.30 5.50 5.55 5.50 5.50 5.45 
5.25 5.45 5.55 5.60 5.50 5.50 5.45 
5. 30 5.60 5.80 5.85 5. 70 5.75 5. 70 
5.20 5.55 5.60 5.65 5.50 5.55 5.50 
5.25 5.40 5.50 5.55 5.50 5.55 5.50 
5.00 5.25 5.45 5.50 5.45 5.50 5.45 
5.00 5.20 5.40 5.45 5.40 5.45 5.40 
4.95 5.20 5.35 5.40 5.45 5.50 5.45 
5.00 5.25 5.50 5.55 5.45 5.50 5.40 
5.00 5.25 5.45 5.50 5.45 5.55 5.50 


















(De g) 1 2 
0 4.80 4.90 
30 4. 80 4.90 
60 4.80 4.90 
90 4. 80 5.00 
120 4. 80 5.00 
150 4. 80 4.90 
180 4. 80 4.85 
210 4.80 4.85 
240 4.80 4.85 
270 4.80 4. 80 
300 4. 80 4.90 
330 4. 80 4.95 
Y/D= -0.8 Z/D= -1.5 
p ref= 4. 80 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.15 5.50 5.55 5.55 5.50 5.50 5.45 
5.15 5.50 5.55 5.55 5.50 5.50 5.45 
5.20 5.50 5.55 5.55 5.50 5.50 5.45 
5.20 5.50 5.60 5.65 5.55 5.60 5.55 
5.25 5.45 5.60 5.65 5.50 5.55 5.50 
5.05 5. 30 5.50 5.55 5.45 5.50 5.45 
5.00 5.25 5.45 5.50 5.45 5.50 5.45 
5.00 5.25 5.45 5.50 5.45 5.50 5.45 
4.95 5.20 5.40 5.45 5.45 5.50 5.45 
5.05 5. 30 5.50 5.55 5.45 5.50 5.45 
5.10 5.40 5.50 5.55 5.50 5.55 5.50 

















(De g) 1 
0 4. 75 
30 4. 75 
60 4. 75 
90 4. 75 
120 4. 75 
150 4. 75 
180 4. 75 
210 4. 75 
240 4. 75 
270 4. 75 
300 4. 75 
330 4. 75 
X/D= 0, -.8, -1.6 Y/D= -1.6 Z/D= -1.5 
p ref= 4. 75 
Pressure Reading (in. H20) from Tap Number: 
2 3 4 5 6 7 8 9 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 
4.90 5.05 5.30 5.55 5.65 5.50 5.55 5.55 


















(De g) 1 2 
0 4. 75 5.05 
30 4. 75 5.00 
60 4.75 5.05 
90 4. 75 5.05 
120 4.75 5.05 
150 4.75 5.00 
180 4. 75 5.00 
210 4.75 5.00 
240 4.75 5.05 
270 4. 75 5.00 
300 4. 75 5.05 
330 4.75 5.00 
Y/D= 0 Z/D= -6.4 
p f= 4.75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.10 5.35 5.50 5.55 5.55 5.55 5.50 
5.10 5.35 5.50 5.55 5.50 5.55 5.50 
5.15 5.35 5.50 5.50 5.45 5.50 5.45 
5.15 5.35 5.50 5.55 5.50 5.55 5.50 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.10 5.35 5.50 5.50 5.50 5.50 5.45 
5.10 5.35 5.50 5.55 5.50 5.55 5.50 
5.10 5.35 5.50 5.50 5.50 5.50 5.45 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.10 5.30 5.50 5.55 5.50 5.55 5.50 
5.15 5.35 5.50 5.50 5.45 5.50 5.45 


















(De g) 1 2 
0 4.75 5.00 
30 4. 75 5.00 
60 4.75 5.00 
90 4. 75 5.00 
120 4. 75 5.00 
150 4. 75 4.95 
180 4.75 4.95 
210 4.75 4.95 
240 4. 75 5.00 
270 4. 75 4.90 
300 4. 75 5.00 
330 4. 75 5.00 
Y/D= 0 Z/D= -6.4 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.15 5.35 5.55 5.55 5.55 5.55 5.50 
5.10 5.35 5.50 5.55 5.50 5.55 5.50 
5.10 5.35 5.50 5.55 5.50 5.55 5.50 
5.10 5.35 5.50 5.55 5.50 5.50 5.45 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.05 5.35 5.50 5.50 5.45 5.50 5.45 
5.05 5.30 5.45 5.50 5.45 5.50 5.45 
5.05 5.35 5.50 5.45 5.50 5.50 5.45 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.05 5.25 5.45 5.50 5.50 5.55 5.50 
5.10 5. 35 5.50 5.55 5.50 5.55 5.50 


















(De g) 1 2 
0 4.75 4.95 
30 4.75 4.95 
60 4.75 4.95 
90 4. 75 4.95 
120 4. 75 4.95 
150 4.75 4.90 
180 4.75 4.90 
210 4.75 4.90 
240 4. 75 4.95 
270 4.75 4.90 
300 4. 75 4.95 
330 4.75 4.95 
Y/D= 0 Z/D= -6.4 
p f= 4. 75 re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.10 5.35 5.55 5.55 5.55 5.55 5.50 
5.05 5.35 5.50 5.55 5.50 5.55 5.50 
5.10 5.35 5.50 5.50 5.50 5.55 5.50 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.05 5. 30 5.50 5.50 5.45 5.50 5.45 
5.05 5.30 5.45 5.50 5.45 5.50 5.45 
5.05 5.30 5.50 5.50 5.45 5.50 5.45 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.05 5.25 5.45 5.50 5.50 5.55 5.50 
5.10 5.35 5.50 5.50 5.50 5.55 5.50 


















(De g) 1 2 
0 4.75 4.90 
30 4. 75 4.95 
60 4.75 4.95 
90 4.75 4.90 
120 4.75 4.95 
150 4.75 4.90 
180 4.75 4.90 
210 4. 75 4.90 
240 4. 75 4.95 
270 4.75 4.90 
300 4.75 4.95 
330 4.75 4.95 
Y/D= 0 Z/D= -6.4 
p f= 4.75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.05 5.35 5.55 5.55 5.55 5.55 5.50 
5.05 5.35 5.50 5.50 5.45 5.50 5.45 
5.10 5.35 5.50 5.50 5.50 5.55 5.50 
5.05 5.35 5.50 5.50 5.45 5.50 5.45 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.05 5.30 5.50 5.50 5.45 5.50 5.45 
5.05 5. 30 5.45 5.50 5.45 5.50 5.45 
5.05 5.30 5.50 5.50 5.45 5.50 5.45 
5.10 5.35 5.50 5.50 5.45 5.50 5.45 
5.00 5.30 5.45 5.50 5.45 5.50 5.45 
5.10 5.35 5.50 5.50 5.50 5.55 5.50 


















(De g) 1 2 
0 4. 75 4.95 
30 4.75 4.90 
60 4.75 4.90 
90 4.75 4.90 
120 4.75 4.90 
150 4.75 4.90 
180 4.75 4.95 
210 4.75 4.85 
240 4.75 4.90 
270 4.75 4.85 
300 4. 75 4.90 
330 4.75 4.85 
Y/D= -.8 Z/D= -6.4 
p f= 4.75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.05 5.40 5.40 5.45 5.45 5.50 5.50 
5.05 5.30 5.45 5.50 5.45 5.50 5.50 
5.05 5.30 5.45 5.50 5.45 5.50 5.50 
5.05 5. 30 5.45 5.55 5.50 5.55 5.50 
5.05 5.30 5.45 5.50 5.45 5.50 5.45 
5.05 5.30 5.45 5.50 5.45 5.50 5.50 
5.05 5.30 5.45 5.50 5.45 5.50 5.45 
5.00 5.20 5.40 5.50 5.40 5.40 5.40 
5.05 5.25 5.45 5.50 5.40 5.45 5.40 
5.00 5.20 5.40 5.45 5.40 5.45 5.40 
5.05 5.25 5.45 5.50 5.40 5.45 5.40 
















X/D= -. 8 
q, 
(De g) 1 2 
0 4.75 4.95 
30 4.75 4.85 
60 4.75 4.90 
90 4. 75 4.90 
120 4.75 4.90 
150 4.75 4.85 
180 4.75 4.85 
210 4. 75 4.85 
240 4.75 4.90 
270 4. 75 4.85 
300 4.75 4.90 
330 4. 75 4.85 
Y/D= -. 8 Z/D= -6.4 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.05 5.40 5.40 5.45 5.45 5.50 5.50 
5.00 5.25 5.45 5.50 5.45 5.50 5.50 
5.05 5. 30 5.45 5.50 5.45 5.50 5.50 
5.05 5.30 5.45 5.55 5.50 5.55 5.50 
5.05 5. 30 5.45 5.50 5.45 5.50 5.45 
5.00 5.25 5.45 5.50 5.45 5.50 5.50 
5.00 5. 30 5.45 5.50 5.45 5.50 5.45 
5.00 5.25 5.45 5.50 5.45 5.40 5.40 
5.05 5.25 5.45 5.50 5.40 5.45 5.40 
5.00 5.20 5.40 5.45 5.40 5.45 5.40 
5.05 5.25 5.45 5.50 5.40 5.45 5.40 





















90 4. 75 




240 4. 75 
270 4. 75 
300 4.75 
330 4.75 
X/D= - 1. 6 , - 2 . 4 Y/D= -0.8 Z/D= -6.4 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
2 3 4 5 6 7 8 9 
4.85 5.05 5.30 5.40 5.45 5.45 5.50 5.50 
4.85 5.00 5.25 5.45 5.50 5.45 5.50 5.50 
4.85 5.00 5.25 5.45 5.50 5.45 5.50 5.50 
4.85 5.00 5.25 5.45 5.50 5.45 5.50 5.50 
4.85 5.00 5.25 5.40 5.45 5.45 5.50 5.50 
4.85 5.00 5.25 5.45 5.50 5.45 5.50 5.50 
4.85 5.00 5.25 5.45 5.50 5.45 5.50 5.45 
4.85 5.00 5.20 5.40 5.45 5.40 5.45 5.40 
4.85 5.00 5.20 5.45 5.50 5.40 5.45 5.40 
4.85 5.00 5.20 5.40 5.45 5.40 5.45 5.40 
4.85 5.00 5.20 5.40 5.45 5.40 5.45 5.40 


















(De g) 1 2 
0 4.75 4.90 
30 4.75 4.85 
60 4. 75 4.90 
90 4. 75 4.90 
120 4. 75 4.90 
150 4.75 4.85 
180 4. 75 4.90 
210 4.75 4.85 
240 4. 75 4.90 
270 4. 75 4.90 
300 4. 75 4.90 
330 4.75 4.85 
Y/D= -1.6 Z/D= -6.4 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.05 5. 30 5.40 5.50 5.50 5.50 5.50 
5.00 5.25 5.45 5.50 5.50 5.55 5.50 
5.05 5. 30 5.45 5.50 5.50 5.55 5.55 
5.05 5. 30 5.45 5.55 5.55 5.55 5.55 
5.05 5. 30 5.45 5.50 5.50 5.55 5.55 
5.00 5.25 5.45 5.50 5.50 5.55 5.50 
5.05 5. 30 5.40 5.50 5.50 5.50 5.50 
5.00 5.25 5.45 5.50 5.50 5.55 5.50 
5.05 5. 30 5.45 5.50 5.50 5.55 5.55 
5.05 5.30 5.45 5.55 5.55 5.55 5.55 
5.05 5. 30 5.45 5.50 5.50 5.55 5.55 
















X/D= -. 8 
<P 
(De g) 1 2 
0 4. 75 4.85 
30 4.75 4.85 
60 4.75 4.85 
90 4.75 4.90 
120 4.75 4.85 
150 4. 75 4.85 
180 4. 75 4.90 
210 4. 75 4.85 
240 4.75 4.85 
270 4.75 4.90 
300 4.75 4.85 
330 4. 75 4.85 
Y/D= -1.6 Z/D= -6.4 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.05 5.30 5.40 5.50 5.50 5.50 5.50 
5.00 5.25 5.45 5.50 5.50 5.50 5.50 
5.00 5.30 5.45 5.50 5.50 5.55 5.55 
5.05 5.30 5.45 5.55 5.55 5.55 5.55 
4.95 5.25 5.45 5.50 5.50 5.50 5.50 
4.95 5.25 5.45 5.50 5.50 5.50 5.50 
5.05 5.30 5.40 5.50 5.50 5.50 5.50 
4.95 5.25 5.45 5.50 5.50 5.50 5.50 
4.95 5.25 5.45 5.50 5.50 5.50 5.50 
5.05 5.30 5.45 5.55 5.55 5.55 5.55 
5.00 5.30 5.45 5.50 5.50 5.55 5.55 





























330 4. 75 
X/D= - 1. 6 , - 2 . 4 Y/D= -1.6 Z/D= -6.4 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
2 3 4 5 6 7 8 9 
4.85 5.05 5.30 5.40 5.50 5.50 5.50 5.50 
4.85 5.00 5.25 5.45 5.50 5.50 5.50 5.50 
4.85 5.00 5.25 5.40 5.50 5.50 5.55 5.50 
4.90 5.00 5.30 5.40 5.50 5.50 5.55 5.50 
4.85 5.00 5.25 5.40 5.50 5.50 5.55 5.50 
4.85 5.00 5.25 5.40 5.50 5.50 5.50 5.50 
4.90 5.00 5.25 5.40 5.45 5.50 5.50 5.50 
4.85 5.00 5.25 5.40 5.50 5.50 5.50 5.50 
4.85 5.00 5.25 5.40 5.50 5.50 5.55 5.50 
4.90 5.00 5.30 5.40 5.50 5.50 5.55 5.50 
4.85 5.00 5.25 5.40 5.50 5.50 5.55 5.50 


















(De g) 1 2 
0 4. 75 5.00 
30 4.75 4.95 
60 4. 75 4.95 
90 4. 75 4.95 
120 4.75 5.00 
150 4.75 4.90 
180 4. 75 4.90 
210 4. 75 4.90 
240 4.75 5.00 
270 4.75 4.95 
300 4. 75 4.95 
330 4.75 4.95 
Y/D= 0 Z/D=-10. 7 
p f= 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.05 5.35 5.45 5.50 5.50 5.60 5.55 
5.05 5. 30 5.50 5.60 5.50 5.55 5.50 
5.10 5.35 5.55 5.55 5.50 5.55 5.55 
5.05 5.35 5.55 5.60 5.55 5.55 5.55 
5.10 5.35 5.55 5.60 5.55 5.60 5.55 
5.05 5. 30 5.50 5.55 5.50 5.55 5.50 
5.05 5.30 5.50 5.55 5.50 5.55 5.50 
5.05 5. 30 5.50 5.55 5.50 5.55 5.50 
5.10 5.35 5.55 5.60 5.55 5.60 5.55 
5.05 5.35 5.55 5.60 5.55 5.55 5.55 
5.10 5.35 5.55 5.55 5.50 5.55 5.55 
















X/D=-. 8 Y/D= 0 Z/D= -10. 7 
p ( 4. 75 
rc 
¢ Pressure Reading (in. H20) from Tap Number: 
(De g) 1 2 3 4 5 6 7 8 9 10 
() 4. 75 5.00 5.10 5. 35 5.50 5.55 5.55 5.60 5.55 5.55 
30 4. 75 4.95 5.05 5 . .so 5.50 5.60 5.50 5.55 5.50 5.50 
60 4. 75 4.95 5.10 5.35 5.55 5.55 5.50 5.55 5.55 5.50 
90 4. 75 4. ~) 5 5.05 5 .. 35 5.55 5.00 5.55 5.55 5.55 5.55 
120 4. 75 5.00 s. lO 5.~5 5.55 5.60 5.55 5.60 5.55 5.55 
150 4. 75 4. ~)() 5.05 5 .. \0 5.50 5.55 5.50 5.55 5.50 5.50 
180 4. 75 4. ~) 5 5. l 0 5.35 5.55 5.55 5.50 5.55 5.55 5.50 
210 -1. 75 4. ~)() 5.05 5 .. \0 5.50 s.ss 5.50 5.55 5.50 5.50 
240 ·L 75 5.00 5. 10 5.)5 5.55 5. (10 5.55 5.b0 5.55 5.55 
270 ·1. 75 ·L ~15 5.n5 5 .. \5 ~.55 5.(10 5.55 5.55 5.55 5.55 
300 .1. 75 l. ~15 5 . 1 (l 5.)5 r r r .~ .. ) .~ 5.55 5.50 5.55 5.55 5.5n 




(De g) 1 2 
0 4.75 4.95 
30 4. 75 4.90 
60 4. 75 4.90 
90 4. 75 4.90 
120 4. 75 4.95 
150 4. 75 4.90 
180 4. 75 4.90 
210 4. 75 4.90 
240 4. 75 4.95 
270 .l. 75 4.90 
300 4.75 4.90 
330 4. 7) 4.90 
Y/D= 0 Z/D=-10.7 
p ( 4. 75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.10 5.35 5.50 5.55 5.55 5.60 5.55 
5.05 5.30 5.50 5.55 5.50 5.55 5.50 
5.05 5. 30 5.55 5.50 5.55 5.55 5.55 
5.05 5. 30 5.55 5.55 5.55 5.55 5.55 
5.05 5.35 5.55 5.55 5.55 5.55 5.55 
5.05 5. 30 5.50 5.55 5.50 5.55 5.50 
5.05 5. 30 5.55 5.55 5.50 5.55 5.50 
5.05 5. 30 5.50 5.55 5.50 5.55 5.50 
5.05 5.35 5.55 5.55 5.55 5.55 5.55 
5.05 5. 30 5.55 5.55 5.55 5.55 5.55 
5.05 5. 30 5.55 5.55 5.50 5.55 5.55 


















(De g) 1 2 
0 4.75 4.90 
30 4. 75 4.90 
60 4.75 4.90 
90 4. 75 4.90 
120 4.75 4.95 
150 4. 75 4.90 
180 4. 75 4.90 
210 4.75 4. ~)0 
240 4. 75 4.95 
270 4. 75 4.90 
300 4.75 4. ~10 
330 ,1, 75 4. ~)() 
Y/D= 0 Z/D= -10.7 
p ( 4. 75 
re 
Pressure Reading (in. H70) from Tap Number: 
I.. 
3 4 5 6 7 8 g 
5.05 5.35 5.50 5.60 5.5:, 5.60 5.60 
5.05 5.30 5.50 5.55 5.50 5.55 5.50 
5.05 5.30 5.55 5.55 5.50 5.55 5.55 
5.05 5.30 5.55 5.55 5.55 5.55 s.ss 
s.o:, 5.35 5.55 5.55 5.55 5.55 5.55 
5.05 5.30 5.50 5.55 5.50 5.55 5.50 
5.05 5.30 5.55 5.55 5.50 5.55 5.50 
5.05 5.30 5.50 5.55 5.50 5.55 5.50 
s.us 5.S5 5.55 5.55 5.55 5.55 5.55 
5.05 5.~0 5.55 5.55 5.55 5.55 5.55 
5. OS 5.30 5.55 S.5S 5.50 5.55 5.55 


















(De g) 1 2 
0 4.70 4.75 
30 4.70 4.80 
60 4. 70 4.85 
90 4.70 4.85 
120 4. 70 4.85 
150 4.70 4.80 
180 4. 70 4.80 
210 4.70 4.75 
240 4.70 4.80 
270 4.70 4.80 
300 4.70 4.80 
330 4.70 4.80 
Y/D= -. 8 Z/D= -10.7 
p f= 4. 70 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
4.95 5.15 5.45 5.50 5.45 5.45 5.45 
4.95 5.20 5.45 5.50 5.45 5.45 5.45 
5.05 5.25 5.50 5.50 5.45 5.45 5.45 
5.05 5.25 5.50 5.50 5.45 5.45 5.45 
5.05 5.25 5.50 5.50 5.45 5.45 5.45 
5.00 5.20 5.45 5.50 5.45 5.45 5.45 
5.00 5.15 5.45 5.50 5.45 5.45 5.45 
5.00 5.15 5.45 5.50 5.45 5.45 5.45 
5.00 5.20 5.45 5.50 5.45 5.45 5.45 
5.00 5.20 5.45 5.50 5.45 5.45 5.45 
5.00 5.20 5.45 5.50 5.45 5.45 5.45 

















(De g) 1 
0 4.70 
30 4. 70 
60 4. 70 
90 4. 70 
120 4. 70 
150 4. 70 
180 4. 70 
210 4. 70 
240 4. 70 
270 4. 70 
300 4. 70 
330 4. 70 
.X./D= - . 8 , -1. 6 , - 2. 4 Y/D=-. 8 Z/D=-10. 7 
p ( 4. 70 
re 
Pressure Reading (in. H20) from Tap Number: 
2 3 4 5 6 7 8 9 
4.75 4.95 5.20 5.45 5.50 5.45 5.45 5.45 
4.80 5.00 5.20 5.45 5.50 5.45 5.45 5.45 
4. 80 5.00 5.20 5.50 5.50 5.45 5.45 5.45 
4.80 5.05 5.20 5.50 5.50 5.45 5.45 5.45 
4.80 5.05 5.20 5.50 5.50 5.45 5.45 5.45 
4.80 5.00 5.20 5.45 5.50 5.45 5.45 5.45 
4. 80 5.00 5.15 5.45 5.50 5.45 5.45 5.45 
4.80 4.95 5.15 5.45 5.50 5.45 5.45 5.45 
4.80 5.00 5.20 5.45 5.50 5.45 5.45 5.45 
4.80 5.00 5.20 5.45 5.50 5.45 5.45 5.45 
4. 80 5.00 5.20 5.45 5.50 5.45 5.45 5.45 
















X/D=O, -. 8 
q, 
(De g) 1 2 
0 4.75 4. 95 
30 4.75 4. 95 
60 4. 75 4.95 
90 4. 75 4.95 
120 4. 75 4.95 
150 4.75 4.95 
180 4.75 4.95 
210 4.75 4.95 
240 4.75 4.95 
270 4.75 4.95 
300 4.75 4.95 
330 4.75 4.95 
Y/D=-1. 6 Z/D=-10.7 
p f= 4.75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.05 5.35 5.55 5.60 5.55 5.55 5.55 
5.05 5.35 5.55 5.60 5.60 5.60 5.55 
5.05 5.35 5.55 5.60 5.60 5.60 5.55 
5.05 5.35 5.55 5.60 5.60 5.60 5.55 
5.05 5.35 5.55 5.60 5.60 5.60 5.55 
5.05 5.35 5.55 5.60 5.60 5.60 5.55 
5.05 5.35 ~.55 5.60 5.55 5.55 5.55 
5.05 5.35 5.55 5.60 5.55 5.55 5.55 
5.05 5.35 5.55 5.60 5.55 5.55 5.55 
5.05 5.35 5.55 5.60 5.60 5.55 5.55 
5.05 5.35 5.55 5.60 5.60 5.55 5.55 


















(De g) 1 2 
0 4. 75 4.95 
30 4. 75 4.95 
60 4.75 4.95 
90 4. 75 4.95 
120 4.75 4.95 
150 4.75 4.95 
180 4. 75 4.95 
210 4. 75 4.95 
240 4.75 4.95 
270 4.75 4.95 
300 4.75 4.95 
330 4.75 4.95 
Y/D=-1. 6 Z/D=-10. 7 
p f= 4.75 
re 
Pressure Reading (in. H20) from Tap Number: 
3 4 5 6 7 8 9 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
5.10 5.40 5.60 5.60 5.60 5.60 5.60 
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